Extensive genomic and gene expression studies have been performed in gliomas, but the epigenetic alterations that characterize different subtypes of gliomas remain largely unknown. Here, we analyzed the methylation patterns of 807 genes (1536 CpGs) in a series of 33 low-grade gliomas (LGGs), 36 glioblastomas (GBMs), 8 paired initial and recurrent gliomas, and 9 controls. This analysis was performed with Illumina's Golden Gate Bead methylation arrays and was correlated with clinical, histological, genomic, gene expression, and genotyping data, including IDH1 mutations. Unsupervised hierarchical clustering resulted in 2 groups of gliomas: a group corresponding to de novo GBMs and a group consisting of LGGs, recurrent anaplastic gliomas, and secondary GBMs. When compared with de novo GBMs and controls, this latter group was characterized by a very high frequency of IDH1 mutations and by a hypermethylated profile similar to the recently described glioma CpG island methylator phenotype. MGMT methylation was more frequent in this group. Among the LGG cluster, 1p19q codeleted LGG displayed a distinct methylation profile. A study of paired initial and recurrent gliomas demonstrated that methylation profiles were remarkably stable across glioma evolution, even during anaplastic transformation, suggesting that epigenetic alterations occur early during gliomagenesis.
Using the Cancer Genome Atlas data set, we demonstrated that GBM samples that had an LGG-like hypermethylated profile had a high rate of IDH1 mutations and a better outcome. Finally, we identified several hypermethylated and downregulated genes that may be associated with LGG and GBM oncogenesis, LGG oncogenesis, 1p19q codeleted LGG oncogenesis, and GBM oncogenesis.
Keywords: glioblastoma, low-grade glioma, methylation profile. G liomas, the most frequent primary brain tumors, are a heterogeneous group. 1 Low-grade gliomas (LGGs; World Health Organization [WHO] grade II) progress slowly over many years, but glioblastomas (GBMs; WHO grade IV) are usually fatal within 12 -18 months. Most gliomas are incurable. Therefore, better molecular characterization of these tumors is required to improve both their classification and their treatment. Extensive genomic and transcriptomic studies have already been performed on gliomas, but their epigenetic alterations remain to be characterized. 2 -5 DNA methylation is a highly regulated process in normal cells and becomes drastically modified in cancer cells. 6 Hypermethylation of tumor suppressor gene promoters is a common mechanism for gene silencing. 7 It is often associated with global hypomethylation of pericentrometric DNA sequences, leading to tumorigenesis. 8 Several studies have reported aberrantly methylated genes in gliomas including TP53 and p14ARF, 9 PTEN, 10,11 p16/CDKN2A, PCDH-g-A11, 13 PEG3, 14 DIRAS3, 15 EMP3, 16 and CASP8. 17 Among them, MGMT has been the most studied. 18 Specific changes in methylation associated with different subtypes of gliomas also have been reported. 18 -22 However, these studies were limited to only a few samples or a few genes, 19 -22 or to only 1 subtype of glioma. 18 More recently, the study of the methylation profile of the GBM samples included in the TCGA (The Cancer Genome Atlas) has enabled the identification of a glioma CpG island methylator phenotype (G-CIMP) that has been shown to be associated with IDH1 mutations and improved outcome. 4 In the present study, we used an array-based method (Illumina's high-throughput single-nucleotide polymorphism [SNP] genotyping system) 23 to analyze the methylation pattern of 1536 CpGs corresponding to 807 genes in a large set of LGGs and GBMs. The first aim was to investigate whether these 2 very different types of gliomas display different methylation profiles and whether the subgroups of GBMs and LGGs can be identified according to their methylation profile. The second aim was to identify new genes associated with LGG and GBM oncogenesis. For this purpose, we correlated methylation and expression levels to identify genes that are trascriptionally regulated by epigenetic alterations.
Materials and Methods

Patients
In total, 36 GBMs and 33 LGGs were selected based on tumor material as well as clinical and molecular data availability. Among GBMs, the median age was 54 years (range: 25-85), median survival was 13.9 months (95% CI: 12.5-19 months), and median follow-up was 13 months (range: 0.5-57).
LGGs included 15 grade II oligodendrogliomas, 13 grade II oligoastrocytomas, and 5 grade II astrocytomas according to the WHO 2007 classification. Among LGGs, the median age was 36 years (range: . Median survival was not reached after a median follow-up of 32 months (range: 2-60). Nine samples from nontumor brains were also included as controls (normal brain [n ¼ 2], amyotrophic lateral sclerosis [n ¼ 2], and epileptic surgery [n ¼ 5]). A second set of 8 paired initial and recurrent gliomas was also studied. This set consisted of 4 LGGs that progressed to an anaplastic glioma, 1 LGG and 2 anaplastic gliomas progressing to a secondary GBMs, and 1 initial and recurrent de novo GBM. All samples were studied on methylation arrays and comparative genomic hybridization (CGH) arrays. A subset of samples (17 LGGs, 29 GBMs, and 3 controls) was also studied on Affymetrix gene expression arrays.
DNA Methylation Profiling
DNA was extracted from frozen samples using a standard protocol (Qiagen, QIAmp DNA minikit). A total of 500 ng of DNA were bisulfite converted using the Gold DNA methylation kit (Zymo Research) according to the manufacturer's instructions. Methylation was detected for 1505 CpG sites using the Illumina GoldenGate Assay with BeadArray technology as described previously. 23 This method quantifies the methylation level of CpGs mostly located between 2500 and +500 bp from the transcription start site of 807 genes selected for their relevance in cancer studies. After bisulfite treatment, the assay was carried out according to the standard procedures of the GoldenGate genotyping assay 24 using Illumina-supplied reagents and conditions. The array hybridization was conducted under a temperature gradient program, and the array was imaged using a BeadArray Reader. 25 Image processing and intensity data extraction were performed and the data used as described previously. 26 Each methylation data point represents the fluorescent signals from the M (methylated) and U (unmethylated) alleles. Background intensity, computed from a set of negative controls, was subtracted from each analytical data point. The ratio of fluorescent signals was then computed from the 2 alleles to reflect the fractional methylation level at each CpG site (b-value). Bead arrays provide a b-value between 0 and 1 as the proportion of methylation for a given CpG site. 27, 28 To avoid any gender-specific bias, X-linked genes were excluded from the analysis. Probes with a detection P-value higher than .05 in more than 5 samples and those containing an SNP within 10 bp of the targeted CpG were also excluded.
Methylight Assay
MGMT, RASSF1, and RBP1 methylation were studied on 25 out of the 33 LGGs and on 34 out of the 36 GBMs for which enough DNA was available. After sodium bisulfite conversion, genomic DNA was amplified by fluorescence-based, real-time quantitative PCR as described previously. 29 Briefly, bisulfite-converted genomic DNA was amplified using locus-specific PCR primers flanking an oligonucleotide probe with a 5 ′ fluorescent reporter dye (6FAM) and a 3 ′ quencher dye (TAMRA). After crossing a fluorescence detection threshold, the PCR amplification yields a fluorescent signal proportional to the amount of PCR product generated. Control samples were included on each plate. PCR was performed using a 96-well tray and caps. The final reaction mixture had a volume of 25 mL and consisted of 600 nM of each primer, 200 nM probe, 200 mM deoxynucleotide triphosphate, and 12.5 mL of 2× buffer (Absolute QPCR ROX Mix, Abgene) containing a reference dye and 1 mL of bisulfite-converted DNA. The following conditions were used: 508C for 2 minutes, 958C for 10 minutes, followed by 45 cycles at 958C for 15 seconds, and 608C for 1 minute. Two sets of primers and probes, specifically designed for bisulfiteconverted DNA, were used: a methylated set for each tested gene and a reference set, b-actin (ACTB), to normalize the input DNA. The specificity of the reactions for methylated DNA was confirmed separately using DNA extracted from lymphocytes of healthy individuals Table 1 and correspond to those published previously.
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CGH Array, Gene Expression, and Genotyping CGH array was performed as described previously 31 on arrays (Integragen) containing about 4500 sequencevalidated bacterial artificial chromosomes (spotted in quadruplicate on the array) that cover the genome with a mean resolution of 0.7 Mb. Gene expression analysis was performed on a pangenomic Genechip Human Genome U133 Plus 2.0 expression array (54.000 probe sets; Affymetrix) as described previously. 32 TP53, PTEN, and IDH1 mutations were assessed as reported previously. 33 
Statistical Analysis
All statistical analyses were carried out using the R-system software v.2.10.0 (http://www.r-project. org/) with Bioconductor packages (http://www. bioconductor.org), Center for Infomation Technology (CIT) packages, Comprehensive R Archive Network (CRAN) packages (http://cran.r-project.org/), and original R code (J.L.). Methylation data were managed and normalized with functions provided by the 'Methylumi' Bioconductor package. Distributions of b-values were plotted using the R function 'density'. The x 2 and the Kolmogorov -Smirnov tests were applied to compare the b-value distributions between samples. Hierarchical clustering was based on Pearson's correlation and Ward's distance. Fisher's exact test was used to compare the annotations of the different clusters. Principal component analysis (PCA) was performed using the 'ade4' package, and methylation variability was measured with the standard variation. Methylation difference levels were assessed for each CpG by the Wilcoxon test (a ¼ 5%). As an additional filter, we considered only CpGs that had a difference in median methylation levels higher than 0.17 and larger than twice the standard deviation in tumor samples. Genes differentially expressed were assessed by the unpaired t-test (a ¼ 5%). In order to classify our samples according to Verhaak et al.'s system, 5 we used their published centroid-based classifier. Survival curves were calculated according to the Kaplan -Meier method, and differences between curves were assessed using the log-rank test. TCGA GBM data set (http://cancergenome.nih.gov/) was used as an independent data set to assess DNA methylation array reproducibility, to perform a hierarchical clustering with the samples of the present study, and to assess the genes found to be regulated by methylation in the GBM samples of the present study.
Results
The methylation profiles of 33 LGG tumors, 36 GBMs, 8 paired initial and recurrent gliomas, and 9 nontumor brain tissues were obtained using the Illumina GoldenGate bead array.
DNA Methylation Array Reliability and Reproducibility
To assess the reliability of Illumina's bead arrays, we compared the results obtained with this technology with results obtained using the Methylight method for the methylation status of 3 genes (MGMT, RASSF1, and RBP1). Bead arrays provide a b-value between 0 and 1 that reflects the proportion of methylation for a given CpG. 23, 27 Methylight provides a methylated or unmethylated status for each gene. As shown in ]). Moreover, when considering a CpG with a b-value higher than 0.2 as methylated, both methods were in agreement for 70%, 81%, and 92%, respectively. However, as shown in Fig. 1A -C, Illumina's bead array sensitivity and specificity were variable according to the gene studied. In comparison with Methylight, Illumina's bead arrays had a high specificity but a low sensitivity for MGMT, a high sensitivity but a medium specificity for RASSF1, and a high specificity and a high sensitivity for only RBP1. As shown in Fig. 1D -F, Illumina's bead arrays underestimated MGMT methylation in both LGG and GBM, whereas it overestimated RASSF1 methylation in LGG. These differences might be explained by the fact that Methylight assesses the methylation status of a DNA segment potentially containing several CpGs, whereas Illumina's probes target only 1 specific CpG.
To validate the reproducibility of the bead arrays, we compared the methylation profiles in our GBM data set with publicly available data from TCGA (http:// cancergenome.nih.gov/), which used the same bead arrays to study the methylation profiles of a series of 220 GBMs (http://cancergenome.nih.gov/). For this purpose, the median b-value for each probe in each data set was calculated and compared. We found that 95% of CpGs presented an absolute difference in their median b-value ≤0.17, which is the minimum difference that can be significantly observed on this array (Supplementary Material, Fig. S1 ). 21 The global Pearson's correlation between the 2 vectors of median b-values was 0.95 (Supplementary Material, Fig. S1 ), showing that Illumina's bead array is a highly reproducible technology.
LGGs Display a Hypermethylated Profile After filtering the data, the analysis was conducted on the methylation level of 1243 CpGs corresponding to 731 unique genes in 36 GBMs, 33 LGGs, and 9 nontumoral brain control samples. Among the 1243 CpGs, 869 (70%) were located in CpG islands that were often within gene promoter regions and known to regulate gene expression, and 374 (30%) were located in "shores," up to 2 kb from islands, which have also been implicated in cancer gene expression regulation. 6, 34 As shown in Fig. 2 , regardless of the sample type, CpGs within (CpGi) and outside (CpGo) CpG islands displayed 2 opposite methylation profiles. In agreement with the methylation status of CpGs in the human genome, 6 about 65% of CpGi were totally unmethylated (b ≤ 0.20) and 65% of CpGo were completely methylated (b ≥ 0.8). CpGi were hypermethylated in both LGG and GBM compared with control samples (P , 2 × 10 216 ). Consistent with what has been reported for many cancers including gliomas, CpGo were hypomethylated in GBM compared with controls (P , 2 × 10
216
). 35 In contrast, CpGo were hypermethylated in LGG when compared with both control samples (P , 4 × 10 211 ) and GBMs (P , 2 × 10 216 ; Fig. 2 ). This finding was unexpected and suggests that LGGs have a specific hypermethylated profile.
Identification of 2 Groups of Gliomas Characterized by Distinct Pathways of Tumorigenesis
To further study the differences between LGG and GBM methylation profiles, we performed an unsupervised hierarchical clustering of the 33 LGGs, 36 GBMs, and 9 controls using the methylation level of the 1243 CpGs (Fig. 3) . Eight paired initial and recurrent gliomas were also included in this analysis (4 LGGs progressing to grade III gliomas, 1 LGG and 2 grade III gliomas progressing to a secondary GBM, and 1 recurrent de novo GBM). 33 LGGs, 36 GBMs, 8 paired initial and recurrent gliomas, and 9 controls according to their methylation profile. Genes (lines) and samples (columns) are ordered according to a hierarchical clustering. b-values increase from green (unmethylated) to yellow to red (methylated). The following annotations are displayed: (i) recurrent: indicates paired initial and recurrent gliomas, each pair has a distinct color; (ii) grade: normal samples (red), grade 2 (blue), grade 3 (green), and grade 4 (orange); (iii) phenotype: normal samples (blue), astrocytoma (red), oligodendroglioma (orange), and mixed glioma (green); (iv) Verhaak classification: Verhaak et al. classes 5 in tumors for which the gene expression profile was available, neural (green), proneural (orange), mesenchymal (blue), and classical (red); (v) 1p19q codeletion: yes (black) and no (white); (vi) IDH1 mutation: yes (black) and no (white); (vii) EGFR amplification assessed using CGH array: yes (black) and no (white); (viii) MGMT methylight: MGMT methylation according to Methylight, methylated (white) and unmethylated (black); (ix) MGMT _P281_F: MGMT methylation according to Illumina's bead arrays, methylated (white) and unmethylated (black). This clustering suggests that LGG as well as IDH1-mutated GBM and anaplastic gliomas are characterized by a hypermethylated profile in comparison with normal brain and de novo GBM. It also shows that the methylation profile of gliomas remains remarkably stable across their evolution even at the time of anaplastic transformation. As shown in Fig. 3 , the samples were classified into 3 main clusters: a cluster of GBMs, a cluster of controls, and a cluster of LGGs (P , .001). Samples in the LGG cluster displayed a hypermethylated profile in comparison with both GBMs and controls (Fig. 3) . The controls displayed a very homogeneous profile despite their different origins (normal brain, epilepsy, and amyotrophic lateral sclerosis). Four LGG samples clustered with the controls probably because they were contaminated with a non-neoplastic tissue. Beside histology, the main difference between the LGG and the GBM clusters was the frequency of IDH1 mutation. Indeed, there was no IDH1 mutation in the GBM group (0 of 35), whereas 93% (42 of 45) of samples in the LGG group had an IDH1 mutation (P , .001). Strikingly, the 5 GBMs with an IDH1 mutation (including 3 secondary GBMs) and the 6 IDH1 mutated anaplastic gliomas clustered into the LGG group, suggesting that the methylation profile varies not only according to histology but also according to glioma genetic characteristics. It also suggested that primary and secondary GBMs might be distinguished according to their methylation profile.
Other differences between the LGG and GBM clusters included a higher frequency of MGMT methylation as assessed by the Methylight technique (but not by the methylation array) in the LGG group (82% vs 48%; Fisher's test, P ¼ .005), whereas EGFR amplification was observed exclusively in the GBM group (58% vs 0%, P , .001). When considering the samples for which the gene expression profile was available, according to the Verhaak et al. classification, there was a higher frequency of samples classified as proneural (13/20 vs 3/ 29, P , .001) and as neural (5/20 vs 1/29, P ¼ .03) in the LGG group, whereas the GBM group was enriched in samples classified as mesenchymal (15/29 vs 2/20, P ¼ .003) and as classical (10/29 vs 0/20, P ¼ .003). Within the LGG group, we could not identify any differences among histological subtypes (oligodendroglial, astrocytic, and oligodendroglial) but we observed that 12 of 13 samples with a 1p19q codeletion formed a distinct subcluster (Fig. 3) . Though heatmap inspection did not show consistent differences between 1p19q and non-1p19q codeleted LGGs, PCA of the methylation profile did distinguish these 2 groups of gliomas, suggesting that these 2 groups of LGGs really display a distinct methylation profile (Fig. 4) . This result also suggests a strong relationship between the methylation profile and particular genetic characteristics of gliomas. Among GBMs, we could not identify an association between a particular subcluster and clinical or molecular characteristics including survival, PTEN and TP53 mutations, EGFR amplification, CDKN2A deletions, or MGMT methylation status. However, when considering samples for whom gene expression profiles were available, 1 subcluster was enriched in GBM classified as classical (9/17 vs 1/12, P ¼ .02), whereas the other cluster was enriched in GBM classified as mesenchymal (11/12 vs 4/13, P , .001).
Interestingly, when considering initial and recurrent tumors, we noticed that they had very similar methylation profiles. Indeed, except for 1 case, all recurrent tumors clustered together with the corresponding initial tumor, suggesting that the methylation profile of gliomas remains remarkably stable across their evolution, even at the time of anaplastic transformation.
Thus, at least with this set of genes, methylation profiling identified 2 groups of gliomas characterized by 2 distinct pathways of tumorigenesis: a group corresponding to de novo GBM and a group corresponding to LGG, recurrent anaplastic gliomas, and secondary GBM characterized by a hypermethylated profile and a high rate of IDH1 mutations.
GBMs with a Hypermethylated LGG-Like Profile Have a High Rate of IDH1 Mutations and a Better Prognosis
In order to further study the characteristics of the GBM that displayed an LGG-like hypermethylated profile, we used TCGA GBM GoldenGate data set to perform a new hierarchical clustering with these GBM samples and our data set. As shown in Fig. 5 , we observed 2 main clusters: one large GBM cluster consisting of our de novo GBM samples and of most of TCGA GBM samples (201 of 220) and a second cluster consisting of our LGG samples, our IDH1 mutated GBM and grade III glioma samples, and 19 TCGA GBM samples. Interestingly, consistent with our findings, the 19 TCGA GBM samples that clustered with our LGG samples were more frequently classified as secondary GBM (Fisher's test, P ¼ .006), had a much higher rate of IDH1 mutation (Fisher's test, P , 10
26
), and were more frequently classified as proneural according to the Verhaak et al. classes (Fisher's test, P , 10
) than TCGA GBM samples that clustered with our de novo GBM samples. These GBM samples had also a longer overall survival than TCGA GBM samples which clustered into the de novo GBM cluster (47.8 vs 10.9 months, P ¼ 2 × 10
25
, Fig. 6 ). 
Identification of Candidate Genes Implicated in LGG and GBM Oncogenesis
Finally, to identify genes differentially methylated among LGG, GBM, and controls, a Wilcoxon test was performed, and an additional filter was applied to select only genes with substantially increased or decreased methylation. To study the impact of methylation on the expression level of differentially methylated genes, the gene expression profiles of a subset of samples (17 LGGs, 29 GBMs, and 3 controls) were studied on Affymetrix U133v2 microarrays. Twenty-three genes were differentially methylated in more than 20% of LGG and GBM samples when compared with controls (Table 2, Supplementary Material,  Table S1 ). TRIP6, GFAP, and LEFTY2 were hypomethylated and significantly overexpressed in both LGG and GBM. The list of hypermethylated genes included several potential tumor suppressor genes, genes frequently silenced in cancers, genes known to inhibit tumor progression, and genes implicated in apoptosis. Five genes were downregulated in both LGG and GBM, including the potential tumor (i) Data set: our data set (white), TCGA data set (black); (ii) recurrent: paired initial and recurrent gliomas in our data set. Each pair has a distinct color, and secondary GBM in the TCGA data set (pink); (iii) grade: normal samples (red), grade 2 (blue), grade 3 (green), and grade 4 (orange); (iv) Verhaak: Verhaak et al. 5 classes in tumors for which the gene expression profile was available, neural (green), proneural (orange), mesenchymal (blue), and classical (red); (v) IDH1 mutation: IDH1 mutation in tumors for which the information was available, yes (black) and no (white). This clustering shows that a subset (n ¼ 19 of 220) of TCGA GBM samples characterized by a hypermethylated profile and by a high rate of IDH1 mutation clustered with our LGG samples. suppressor gene NBL1 as well as FZD9, which have been demonstrated to be silenced in several cancers (Table 2) . Overall, 76 genes were completely unmethylated (n ¼ 3) or methylated (n ¼ 73) in more than 20% of LGG samples in comparison with controls. Two genes, PDGFRA and DDR1, were hypomethylated and overexpressed (Table 3 , Supplementary Material, Table  S1 ). The list of hypermethylated genes consisted of several potential tumor suppressor genes, genes reported to be silenced in cancers, and genes implicated in apoptosis or known to inhibit tumor progression. Most of these genes have not been implicated in gliomagenesis. Interestingly, several oncogenes were also found to be hypermethylated (eg, FGFR3, KIT, JAK3, MET, and TGFB2). Eighteen genes were hypermethylated and downregulated, including the potential tumor suppressors CAV2, FABP3, and TMEFF1 (Table 3) . Additionally, 12 genes were differentially methylated between LGGs with and without 1p19q codeletions, with 2 genes being hypermethylated and downregulated in 1p19q codeleted LGGs (FGFR2 and TNFRS1B; Supplementary Material, Table S1 ). These genes might be implicated in alternative mechanisms of gliomagenesis in 1p19q codeleted LGGs or might be the markers of a different histogenesis.
In total, 28 were completely unmethylated (n ¼ 15) or methylated (n ¼ 13) in more than 20% of GBM samples compared with controls (Table 4 , Supplementary Material, Table S1 ). Eight genes were hypomethylated and upregulated, including several genes implicated in tumor progression (eg, MMP2 and MMP9; Table 4 ). The list of hypermethylated genes included the candidate tumor suppressors TUSC3 and GATA6 as well as several genes previously reported to be silenced in cancers. Six genes were hypermethylated and downregulated, including the candidate tumor suppressor TUSC3.
In order to validate in an independent series the list of genes that seemed to be regulated by methylation in GBM vs normal brain, we studied the expression and methylation of these genes in TCGA GBM data set. This analysis demonstrated that except for 1 gene, SEMA3C, 20 out of the 21 genes that were found to be hypomethylated and overexpressed or hypermethylated and downregulated in our series of GBM had a similar pattern of expression and methylation in TCGA GBM samples (Supplementary Material, Table S2 ).
Discussion
The present study shows that the Illumina GoldenGate bead array is a powerful method for classification purposes, allowing the identification of specific methylation profiles related to different ways of tumorigenesis. However, due to the heterogeneity of methylation, the sensibility and specificity of methylation arrays can be variable among the genes. Therefore, as demonstrated for the assessment of MGMT methylation, results obtained on individual genes need to be validated using another technique. Our first objective was to investigate whether LGG and GBM displayed different methylation profiles and whether the subgroups of GBM and LGG could be identified according to their methylation profiles. Interestingly, this has led us to conclusions very similar to those reached recently by Noushmehr et al. 4 These authors performed an unsupervised hierarchical clustering of the GBM included in TCGA and found that a subgroup was characterized by a concerted hypermethylation at a large number of loci, reminiscent of the CpG island methylator phenotype described in colorectal cancers. They showed that in GBM, this G-CIMP was tightly associated with IDH1 mutations, with a proneural gene expression profile, and with prolonged survival. Most secondary GBMs were G-CIMP positive. Using the Methylight technique, they further studied the methylation profile of 8 genes characteristic of the G-CIMP in an independent series of gliomas and demonstrated that the G-CIMP was much more frequent in grade II/III gliomas than in GBM and was also associated with IDH1 mutations and a better outcome in these tumors. They also showed that the G-CIMP was stable across recurrence. In the present study, the initial strategy was to study the methylation profiles of GBM and LGG samples. We observed that they were dramatically different from each other and also clearly different from nontumor brain samples.
LGG displayed a characteristic hypermethylated profile. 4 Unsupervised analysis led us to the observation that the methylation profile of gliomas did vary not only according to the histology but also according to the genetic characteristics. Indeed, the glioma samples were classified into 2 clusters: a GBM cluster without IDH1 mutations consisting of only de novo GBM and an LGG cluster with 90% IDH1 mutated samples in which the GBM, including secondary GBM, and anaplastic gliomas with IDH1 mutations were classified. We also observed that the methylation profile of gliomas was remarkably stable across evolution, even at the time of anaplastic transformation. Finally, using TCGA data set, we found that TCGA GBM samples with an LGG-like hypermethylated profile that clustered with our LGG samples were characterized by a high rate of IDH1 mutations and had dramatic longer survival than the GBM samples that clustered into the de novo GBM cluster. Thus, our findings are consistent with those by Noushmehr et al., 4 and actually what we call here a hypermethylated profile does correspond to the G-CIMP described by these authors. It shows that epigenetic alterations occur early in gliomagenesis and characterize at least 2 distinct pathways for tumorigenesis: 1 involving LGG, anaplastic gliomas, and secondary GBM evolving from prior LGG (mostly IDH1 mutated), which are characterized by a G-CIMP/hypermethylated profile, and another encompassing de novo GBM. It now remains to be seen whether methylation profiling might identify other subgroups of gliomas. In the present study, LGGs with and without 1p19q codeletion seemed to have distinct methylation profiles. Concerning GBM, as previously noticed, classical and mesenchymal GBM also seemed to have different methylation profiles. 4 Therefore, it is possible that the use of larger methylation arrays will allow the identification of other subgroups of gliomas. A large-scale methylation analysis also remains to be performed in anaplastic gliomas. In the present study, the set of paired initial and recurrent tumors included 6 anaplastic gliomas, all with an IDH1 mutation that clustered into the LGG cluster.
The second aim of this study was to identify new genes associated with gliomagenesis. For this purpose, we correlated the methylation status with the gene expression profile to identify hypomethylated/overexpressed genes and hypermethylated/downregulated genes. Among the differentially methylated genes, 27% displayed concordant under-or overexpression. We found that 20 of the 21 genes that seemed to be regulated by methylation in our GBM samples had a similar pattern of expression and methylation in TCGA GBM samples. However, the list of genes identified here will have to be validated by other techniques and their role in gliomagenesis will have to be assessed.
Despite their different methylation patterns, we identified a set of differentially methylated genes in both LGG and GBM. TRIP6, which regulates cell migration and has been demonstrated to promote cancer progression in colon cancer, was both hypomethylated and overexpressed in LGG and GBM. 34 Among the hypermethylated genes, 5 (TES, MEST, CD81, FZD9, and TNRFS10A) were recently identified to be the most frequently hypermethylated genes in GBM but were not known to be hypermethylated in LGG. 18 One of these genes, FZD9, was also downregulated in our series. FZD9 is involved in Wnt signaling and has been demonstrated to be silenced in most hematologic malignancies. 35 Among the other hypermethylated and downregulated genes in LGG and GBM, NEBL1, AATK, and MAPK10 displayed interesting characteristics. NEBL1 is a potential tumor suppressor gene in neuroblastomas. 36 AATK 37 and MAPK10
38
have not been implicated in cancer but play critical roles in neuronal apoptosis. A large set of genes was differentially methylated in LGG compared with controls, including several potential tumor suppressor genes. Several oncogenes were also hypomethylated and overexpressed (namely PDGFRA and DDR1) 39, 40 in addition to several oncogenes that were hypermethylated and downregulated, such as the oncogenes FGFR3, KIT, MET, and TGFB2 ( Table 2 ). The silencing of these oncogenes might play a role in the slower evolution of LGG when compared with GBM. Among the list of hypermethylated and downregulated genes in LGG, only MATK, THBS1, and TMEF have already been reported to be methylated or involved in gliomagenesis. MATK has been demonstrated to inhibit tumor progression through the inhibition of Src signaling 41 and is silenced in gliomas. 42 Furthermore, its expression inhibits the growth of astrocytoma cell lines. 42 THBS1 has an antiangiogenic role and is hypermethylated in LGG. 19 TMEFF is involved in growth factor signaling and has been suggested to be a potential tumor suppressor gene in brain tumors where it is downregulated. 43 However, downregulation had not been linked with hypermethylation until now. Concerning the other hypermethylated and downregulated genes, CAV2 and FABP3 are potential tumor suppressor genes in prostate cancer as well as breast cancer and are silenced in other types of cancers. 44 -48 CCNA1 binds to important cell cycle regulators and is silenced in several cancers, including cancers of the head and neck in which CCNA1 hypermethylation is inversely correlated with TP53 mutation status. 49 RBP1 is frequently hypermethylated in lymphoma and gastrointestinal cancers. 50 We also identified 2 genes, FGFR2 and TNFRFS1B, specifically hypermethylated and downregulated in LGG with 1p19q codeletion in comparison with LGG without 1p19q codeletion. FGFR2 acts as an oncogene in several cancers, including breast cancer, 51 but its silencing is oncogenic in thyroid cancers. 52 Additionally, FGFR2 is silenced in pituitary adenomas. 53 TNFRSF1B is implicated in neuronal and oligodendroglial apoptosis. 54 In GBM, we identified 5 genes that were hypomethylated, overexpressed, and known to promote GBM proliferation and/or invasiveness: MMP2, 55 MMP14,
55
MMP9, 55 SERPINE1, 56 and SPP1. 57 MMP9 has been previously demonstrated to be hypomethylated in GBM, 18 and hypomethylation of MMP14 and MMP2 has been shown to induce their overexpression in GBM cells. 58 All hypermethylated and downregulated genes, FLT3, HTR1B, NEFL, TUSC3, and ZNF215, have been recently reported to be hypermethylated in GBM.
18 HTR1B is silenced in lung cancer and is deleted as well as downregulated in renal cancer and lymphoma. 59 -61 TUSC3 is a candidate tumor suppressor thought to encode a subunit of the endoplasmic reticulum -bound oligosaccharyltransferase complex that catalyzes a pivotal step in the protein N-glycosylation process and is implicated in Mg 2+ uptake. 62 TUSC3
has been shown to be deleted or silenced in several cancers. 63 
Conclusion
This study is the first genome-wide study assessing the methylation profiles of different subtypes of gliomas. It identifies 2 groups of gliomas according to their methylation profile: a group of de novo GBMs and a group consisting of LGG as well as high-grade gliomas evolving from a prior LGG. Moreover, we found that the methylation profile of gliomas is remarkably stable across their evolution. By correlating the methylation profile and gene expression profile, we identified several genes that may play an important role in gliomagenesis.
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